Abstract-Work is devoted to a research of dimensional changes in optical properties of nanosized copper particles with sizes less than 10 nm in statistically inhomogeneous systems. Experimental spectral and dimensional dependences of the complex specific electric polarizability of nanosized copper particles with experimental-analytical method are determined in the optical spectral range from 0.2 to 1.1 μm. The values of the complex specific electric polarizability were determined by analytical solution of Rosenberg's spectrophotometric equations with the use of experimental results of spectrophotometric measurements of transmission and reflection coefficients of copper islet films and the results of electron microscopic studies of their morphological microstructure, taking into account the statistical analysis of the particle size distribution. Nanosized copper particles with a statistically inhomogeneous structure in the system of islet films on quartz substrates were obtained by vacuum-magnetron sputtering. An analysis of function of copper nanoparticles distribution in size in a system with a statistically inhomogeneous structure was carried out using the Pearson's consensus criterion.
INTRODUCTION
Nanosized metal particles and nanostructured metaldielectric systems on their basis have a number of nonlinear optical effects. It determines a widespread practical application of these structures in optoelectronics [1] , information security and transmission systems [2] , photoelectric and photothermal energy converters for energysaving technologies [3, 4] . The example of nanostructured metal-dielectric system future usage is the optical waveguides for interconnections at the upper levels of integrated circuits [5] . In this case, the electro-optical receivers and emitters converting electric signals in the light are formed it the metal-dielectric layers of dielectric. These integrated optoelectronic devices can accelerate the information transmission by two orders and significantly decrease the energy consumption [6] .
In practice, noble metals, gold and silver are the most widely used in nanostructured metal-dielectric systems, due to their electrophysical properties.
Copper has similar optical properties to noble metals [6, 7] . At the same time copper is technologically compatible with the processes used in the microelectronics. It allows to implement the optoelectronic devices on silicon technology. Therefore, the possibility of using copper instead of gold can reduce the cost of created devices. In a view of these features copper is a promising material for mass production of above devices. However, it should be noted that the essential disadvantage of copper is insufficient chemical resistance. As a result, it changes the optical parameters of copper [8] . This problem can be solved by using chemically stable dielectric components such as
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silicon dioxide and aluminum oxynitride in nanocomposite systems [9, 10] . In [11] it is shown that at the same time it is possible to increase and optimize the optical selectivity parameters of the metal-dielectric systems.
In order to solve the indicated applied and fundamental tasks the information on dimensional dependence of nanosized metal particles optical parameters (electric polarizability α = α 1 ˗ iα 2 , dielectric permittivity ε = ε 1 ˗ iε 2 , etc.) is important. It should be noted that reliable experimental data on α, ε metal nanoparticles dimensional dependences are limited in the literature [12, 13] or the microstructure in such studies is evaluated indirectly [10] . Therefore, as a rule, the metal nanoparticles optical parameters are identified with their values in macroscopic volume of the corresponding metals or theoretically calculated [11, 14] . This approach leads to significant errors in the predication of nanostructured systems optical parameters.
A number of known theories describes dimension effects of electromagnetic properties in small metal particles [15, 16] . These theories bind the dipole resonance in metal particles to the surface plasmon resonance of conduction electrons. From a phenomenological point of view, the dipole resonance is conditioned by a fluctuation of ɛ values on the particle surface. According to the theories of electromagnetic parameters change, three types of dimension effects cause the reduction of particles size [17, 18, 19, 20 ]. The size of particle is compared in these theories to one of the following three microscopic metal parameters: the quantum effect is the length of de Broglie; the classical effect is the mean free path of conduction electrons; the screening effect is the lengths of Tomas Fermi screening. It is shown [15, 19] that in the classical dimensional effect the value of |ε2| particles increases with decreasing D 0 , and |ε 1 | is not dependent on D 0 . However, it should be noted that [12, 13] experimentally established that the silver nanoparticles ε 2 value decreases with decreasing D 0 in the spectral range 1 -3 eV. Thus, the information on theoretical dimensional dependencies is highly controversial and requires an analysis and additional research.
According to [21] the mean free path of copper conduction electrons is 27 nm. Since copper α particles with a size in the range from 1 to 10 nm are studied in this work, it is important to carry out the analysis of α in terms of classical [19, 22] and quantum [18] theories of dimensional effect.
An experimental-analytical method of metal particle α value determining on the basis of spectrophotometric and electro-microscopic measurements on two-dimension systems with a statically homogeneous structure and the analytical solution application of the inverse problem of the spectrophotometric system of Rosenberg theory is presented and sustained in [23] .
In addition, with the further development of the experimental-analytical approach, the method of α nanoparticles value determining in the systems with a statistically inhomogeneous structure is improved by taking into account the statistical analysis of the particle distribution by size. It is shown that the advanced experimental-analytical method application made it possible to increase the accuracy of obtaining the experimental values of α nanoparticles [24] .
Analysis and research of methods of nanostructured layers formation, in particular copper, show that magnetron sputtering is effective and promising method [25, 26, 27, 28] . The work [27] presents the results of studies on technological parameters influence on the morphology of copper nanostructured films in magnetron sputtering. This method made it possible to use polymer materials as substrate. It extends the scope of nanostructured systems application.
The determination and reproducibility of electromagnetic parameters in real nanosized structures is a significant problem of nanostructured systems usage in the design and production of functional devices of different application [2, 29, 30] .
The proposed methodology and developed analytical and calculating apparatus in [23, 24] made it possible to determine the nanoparticles electromagnetic parameters in real nanostructured systems and optimize the technological processes regimes of their formation.
Thus, the present work is devoted to the investigation of the experimental spectral characteristics of the complex specific electric polarizability of copper nanoparticles with size less than 10 nm in the range of wavelength 0.2 -1.1 μm by using the experimental-analytical method. Copper nanoparticles are formed by magnetron sputtering in the form of monolayer (islet film) on a quartz substrate. The obtained spectral dependencies α 1 , α 2 are compared to the corresponding characteristics of copper in macroscopic volume in order to find out the features of copper nanoparticles optical absorption. An analysis of nature of copper nanoparticles dimensional changes based on theories of quantum and classical dimensional effects is carried out in order to investigate the dimensional dependencies of their optical parameters.
II. METHODOLOGY AND MATERIALS OF THE EXPERI-MENT
A. Determination of the complex specific electric polarizability To investigate the optical properties of copper nanoparticles, we use complex specific polarizability of nanoparticle α = α 1 ˗ iα 2 , where α = 4πα'/V, V is a volume, and α' = α' 1 ˗ iα' 2 is the complex polarizability of the nanoparticle.
The values of copper nanoparticle complex specific electric polarizability are determined by experimentalanalytical method, taking into account the analysis of the particle distribution by size statistics [24] . The method is based on experimental studies of microstructure and spectrophotometric measurements of reflection transmission coefficients on two-dimensional systems and analytical solution of the inverse problem of the spectrophotometric system of Rosenberg equations, taking into account the function of nanoparticles distribution by size. In this case, a two-dimensional metal-dielectric system represents Мікросистеми та фізична електроніка
monolayers of metal nanoparticles on a transparent substrate. Experimental values of copper nanoparticles α 1 , α 2 in a medium with dielectric permittivity ɛ m are defined provided that = (1 + 0 ) 2 ⁄ , where ɛ 0 is the dielectric permittivity of the substrate [12] .
The choice of a physically substantiated solution from the possible mathematical roots of α in the studied range of the spectrum is carried out in accordance with the principles presented in [24] .
B. Technology of forming samples. Microstructural and optical research
To provide an experimental-analytical approach to the determination of copper nanoparticles optical parameters, a series of samples of copper islet films was made and the electro-microscopic and spectrophotometric studies were carried out. Samples of copper islet films with weight thickness of 0.5 -2 nm were obtained by vacuum-magnetron sputtering on constant current with a flat target in which "deoxidized" copper is used. The process of nanosized copper layers formation was determined by varying of the following technological parameters: substrate temperature, working gas pressure, magnetron power. The range of working pressure after taking argon was 0.6 -15 Pa. The thickness of the films and the rate of their deposition were controlled by the method of the quartz resonator. Samples were exposed to the air after cooling in vacuum to room temperature. The control of films weight thickness was carried out with the help of a quartz resonator method. Deposition of nanosized copper films was carried out on prepared (according to the standard method) substrate of quartz.
The results of electro-microscopic and spectrophotometric studies of copper islet films on a quartz substrate are described in [27] .The morphological structure and phase composition of copper condensates are studied by the method of translucent electron microscopy and diffraction of electrons. The production of samples is carried out by a replica method according to standard methods. The technique of films preparation is selected to exclude changes in their structure.
Electro-microscopic studies have shown that nanosized copper films have an islet statistically inhomogeneous structure and the shape of particles is close to spherical. An analysis of function of copper nanoparticles distribution in size was carried out using the Pearson's consensus criterion χ 2 [31] . It is determined that nanosized cooper particles have a diameter of D 0 = 3.2 -8.0 nm with a surface concentration of N 0 = (4.5 ÷ 9.4) · 10 11 cm -2 .
Spectrophotometric measurements of copper islet films in the range of wavelength 0.2 -1.1 μm at room temperature were performed using spectrophotometer SF-16. Measurements of the monochromatic transmission coefficients T were made on air at normal angles of light fall at sample. Measurements of the monochromatic coefficients of reflection R were made on aluminum mirror with a special prefix at angles of light fall at sample similar to the normal one. Measurement error for T was ±1%, and for R -not more than ±3%. An obtained spectral dependences of T, R of copper island films are presented in [27] .
C. Determination of optical parameters of nanoparti-
cles based on theories of classical and quantum dimensional effects Theories of quantum [15, 18] and classical [22] dimensional effects associate the dipole resonance in metal particles with surface plasmon resonance of conduction electrons.
A theory of electromagnetic properties of small metal particles is developed in [15] based on idea that dimensional changes are conditioned by surface plasma excitations of conduction electrons due the influence of the particle surface.
The complex dielectric permittivity of small metal particles in this theory is determined by the relations:
where ε 1s (ω, R 0 ), ε 2s (ω, R 0 ) is the real and imaginary part of the complex dielectric permittivity of the particle, which takes into account the dimensional: ε 1v (ω) and ε 2v (ω) is the real and imaginary part of the complex dielectric permittivity of the material in a macroscopic volume; = 2 с⁄ is cyclic frequency of electromagnetic radiation; c is speed of light; R 0 = D 0 /2 is radius of the particle.
Expressions of dimensional changes ε 2s (ω, R 0 ) are used in the case of a quantum dimensional effect conditioned by the quantization of electron states in the conduction band [18] :
where ( ) = −3 ∫ � 3 ( + ) In [18] dependences ε 1s (ω, R 0 ) are not represented.
The dimensional changes in the electromagnetic parameters of particles are related to the restriction of the particle size of the free path of conduction electrons.
Assuming that Drude theory [16] of metals about the diffuse nature of the scattering of conduction electrons on the surface is applicable, and provided that ω significantly exceeds the frequency of collisions of electrons in a macroscopic metal, in [22] are obtained the relations: is the frequency of three-dimensional plasmon resonances in macroscopic metal; e is the electron charge; and n 0 , m 0 are numbers, the effective mass of free electrons.
In accordance with the classical electromagnetic theory, the complex polarizability of a particle ε = ε 1 ˗ iε 2 is related to its complex dielectric permittivity by the expression [12] :
where ε а is the dielectric permittivity of the external environment, f is the particle shape factor. f = 1/3 for a spherical particle [16] .
The dielectric permittivity and the optical constants n, k are related by means of the relation [32] :
Expression (6) is valid under the condition (dipole approximation) that the particle size (D 0 = 2R 0 ) is much smaller than the length of the electromagnetic wave in this medium (D 0 << λ). This condition justifies the use of the values ε 1 and ε 2 dependent on D 0 in small particle sizes (D 0 < 20 nm) in expression (6) .
III. RESULTS AND DISCUSSION
The obtained by experimental-analytical method spectral dependencies of the specific complex electric polarizability of copper nanoparticles at the various values of the particle diameter D 0 are shown in Fig. 1 .
A comparative analysis of the obtained experimental values of α 1 , α 2 of copper nanoparticles with corresponding characteristics of model spherical particles α 1Cu , α 2Cu with properties characteristic of copper in macroscopic volume are of interest. Optical constants n and k of copper in macroscopic volume obtained in [33] are used to calculate α 1Cu , α 2Cu . To achieve the correspondence between the calculated and experimental values of α, the calculations are carried out according to the equation (6) - (7) provided that = (1 + 0 ) 2 ⁄ , for values ɛ 0 = 1 and ɛ 0 = 2.38 (fused quartz). The spectral dependences α 1Cu , α 2Cu are shown in Fig. 2 . The results of numerical calculations of α 1 , α 2 nanoparticles of copper determined by the theory of classical dimensional effect are shown in Fig. 3 .
The calculation of α of copper nanoparticles is made using the theory of quantum and classical dimensional effects. The uncertainty in the nature of the dimensional changes ε 1s (ω, R 0 ) in the theory of quantum dimensional effect causes the calculation of α 1 , α 2 in this theory similarly as in the case of classical dimensional effect under condition (4). Due to the fact that the size of the studied particles is quite large, D 0 = 3.2 -8 nm for the influence of the quantum effect, therefore, it does not appear on the dimensional dependences of α. Calculated values of α on the theory of quantum dimensional effect do not differ significantly from the corresponding values of α of the classical dimensional effect.
From Fig. 1, Fig. 2 it follows that spectral dependences α 1 , α 2 of copper nanoparticles qualitatively and quantitatively significantly differ from the corresponding dependences of model spherical particles with properties of copper in macroscopic volume. Withal the specific polarizability in absolute magnitude increases significantly with decreasing D 0 . The size increase of copper nanoparticles from 3.2 nm to 8 nm leads to decreasing divergence and approximation of the values α 1 , α 2 nearly to the values of α 1Cu , α 2Cu .
There is a series of bands in the spectral dependences α 2 in the range 0.2 -1.1 μm. Namely, in the wavelength region 0.38 -0.46 μm and less than 0.3 μm.
It should be noted that in the region of wavelengths 0.6 μm, with decreasing size of the copper particle from 8 nm to 3.2 nm, the maximum of the band is shifted toward shorter wavelengths. The position of peaks in the spectral region 0.38 -0.46 μm and less than 0.3 μm within the accuracy of the method does not depend on the size of the particles.
The comparative analysis of Fig. 1 and Fig. 3 shows significant quantitative and qualitative differences between the experimental and theoretical spectral dependencies of α1, α 2 for copper nanoparticles with sizes less than 10 nm.
In this case, the absolute values of α 1 , α 2 calculated according to the theories of quantum and classical dimensional effects decrease with decreasing nanoparticle size. In contrast, the experimental absolute values of α 1 , α 2 increase with decreasing nanoparticle volume. A similar trend exists for dimensional dependencies α 2 in the spectral range λ < 0.6 μm. These results indicate that the experimental dimensional dependences of the dynamic polarizability of copper nanoparticles not be conditioned on classical or quantum dimensional effect in the dipole approximation.
CONCLUSIONS
In the continuation of the investigations of the optical properties of nanoparticles in statistical inhomogeneous systems that we started in [24, 27] with the help of an experimental analytical method, the optical characteristics of nanosized copper particles in a two-dimensional system islet copper film on a quartz substrate are determined. It is shown that taking into account the analysis of the particle size distribution in the experimental-analytical method makes it possible to apply this approach to nanostructured systems with a statistically inhomogeneous structure and reliably estimate their optical parameters. The experimental-analytical method makes it possible to determine the optical parameters of nanoscale particles depending on their morphological microstructure in the system. In turn, it is possible to establish a relationship between the optical properties of nanostructured systems and the technological parameters of their synthesis [27] . Thus, this methodology makes it possible to optimize the optical characteristics of nanostructured systems and synthesize structures with given properties.
The experimental spectral and dimensional dependences of the complex specific electric polarizability of nanosized copper particles with a size of less than 10 nm in the spectral range from 0.2 to 1.1 μm were studied. It is found that the optical properties of nanoscale copper a) b)
particles differ from the optical properties of copper in a macroscopic volume. Assuming that the band structure of the copper in macroscopic volumes is also characteristic of nanoparticles, one can assume that the bands in the dependences α 1 , α 2 at wavelengths less than 0.48 μm are also due to interband transitions. The question about the nature of the band α 1 , α 2 in the region of 0.6 μm, the position and intensity of which when the particle size decreases significantly differs from α copper in macroscopic volumes, requires further study.
A significant increase in the values of α 2 and absolute values of α 1 of particles is established with a decrease in their diameter in from 8 nm to 3.2 nm for light wavelengths of 0.2 -1.1 μm. This trend in the size dependences of α 1 , α 2 for nanoscale copper particles agrees and confirms the regularities observed by us in the corresponding dependences for nickel particles [13, 24, 34] , chromium [35] , and also the "giant" growth of the values of α described in the works [12, 36] .
To study the nature of the dimensional dependences of the optical characteristics of nanoscale spherical copper particles, numerical calculations of their complex dielectric permittivity and complex specific dynamic polarizability were carried out according to the theories of classical and quantum size effects. A comparative analysis of the calculated theoretical and experimental spectral and dimensional dependences of optical parameters of copper particles has been carried out. The results indicate that the experimental dimensional dependences of α copper nanoparticles cannot be due to the classical or quantum dimensional effect in the dipole approximation.
The results of the investigations are of interest from the point of view of a fundamental study of the optical properties of nanosized particles and nanostructured systems based on them. Also for the creation on their basis of functional devices for various applications with specified optical characteristics.
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Реферат-Робота присвячена дослідженню розмірних змін оптичних властивостей нанорозмірних частинок міді з розмірами менше 10 нм в статистично неоднорідних системах. В оптичній області спектра в діапазоні довжин хвиль від 0,2 до 1,1 мкм визначено експериментальні спектральні та розмірні залежності комплексної питомої еле-ктричної поляризованості нанорозмірних частинок міді за допомогою експериментально-аналітичного методу. Зна-
